This paper presents a new type of electromagnetic interference (EMI) measurement system. An EMI Camera LSI (EMcam) with a 12 × 4 on-chip 250 × 50 μm 2 loop antenna matrix in 65 nm CMOS is developed. EMcam achieves both the 2D electric scanning and 60 μm-level spatial precision. The down-conversion architecture increases the bandwidth of EMcam and enables the measurement of EMI spectrum up to 3.3 GHz. The shared IF-block scheme is proposed to relax both the increase of power and area penalty, which are inherent issues of the matrix measurement. The power and the area are reduced by 74% and 73%, respectively. EMI measurement with the smallest 32×12 μm 2 antenna to date is also demonstrated.
Introduction
Electromagnetic interference (EMI) that degrades the dependability of electronic equipments is becoming a serious issue. Electromagnetic compatibility (EMC) at the LSI level has been important, because LSIs are often the main noise source in electronic equipments [1] . In particular, intrasystem EMC problem in small electronic equipments such as cell-phones is concerned because of (1) the increasing density of the packaging, (2) the increasing number of various RF transceivers within a electronic device, and (3) the increasing signal frequency higher than 1 GHz, which result in the downsizing of the EMI antenna. In order to measure the EMI noise generated from the fine pattern on PCB or the on-chip interconnect, 2D EMI distribution measurement with 60 μm-level spatial precision, which is finer than typical PCB design rule, is required. Figure 1 shows dimensions and spatial resolution of recent EMI measurement systems [2] - [8] . To efficiently and accurately measure the 2D EMI distribution, the electric scanning instead of the conventional mechanical scanning of the EMI probe [2] is required. All the conventional measurement method, however, do not satisfy both the 2D electric scanning and the 60 μm precision. The spatial pre- cision of the conventional 2D electric scanning [3] - [5] is more than 7.5 mm. Though the smallest EMI probe with 50 × 22 μm 2 is reported [7] , the probe is single and used for the mechanical scanning.
To solve the problem of the conventional EMI measurement methods, an EMI camera LSI (EMcam) with the matrix of on-chip loop antennas and measurement circuits is proposed. The feasibility of 2D EMI distribution measurement with 60 μm-level spatial precision is demonstrated by using the EMcam [9] . Figure 2 shows an overview and benefits of the proposed EMcam. The EMcam chip consists of an EMI measurement circuit as shown in Fig. 3 and on-chip loop antennas. By putting the EMcam on top of the DUT LSI, the EMcam measures within-die 2D distributions of EMI noise at various frequencies. The EMcam can measure also the EMI noise distribution on a PCB in the same way. Both the location of the EMI noise source and its frequency can be measured simultaneously with 60 μm-level spatial precision. Figure 3 shows the block diagram of the measurement core circuit in the EMcam. The EMI noise is picked up by the onchip loop antenna. Then the EMI noise is down-converted by the mixer. The down-converted noise, f IF is given by f IF = | f EMI − f LO |, where f EMI and f LO are the frequencies of the EMI noise and the non-overlap clock generator (NCG), respectively. Then f IF is amplified and filtered by LPF. While the noise inputs are simply amplified by high-bandwidth amplifiers in [8] , the down-conversion is very important in our matrix measurement, because the down-converted noise can be handled with the low-bandwidth amplifiers that consume low power. That is, the total power consumption can be reduced with a high bandwidth up to 3.3 GHz for the EMI noise measurement.
EMI Camera LSI (EMcam)

Overview of EMcam
Measurement Core Circuit and Operation
Figures 4(a) and (b) show schematics of the mixer and the amplifiers in Fig. 3 . The passive mixer is used to reduce the power consumption. To amplify differential voltage in- duced by RF magnetic field, the amplifier consists of threestage fully-differential amplifiers with the common mode feedback by resistors suppressing RF electric field-induced voltages (Fig. 4(b) shows one stage for simplicity). The simulated open loop gain and the unity gain frequency of the amplifier are 16 dB and 6.2 GHz, respectively. Figure 5 shows a procedure to obtain the EMI noise spectrum using the circuit in Fig. 3 . For instance, when f EMI is 1 GHz and f LO is set at 999 MHz, f IF is 1 MHz by the down-conversion. The noise power at 1 MHz can be measured by using LPF with the cut-off frequency of 3 MHz. By sweeping f LO and measuring V Out shown in Fig. 3 at each f LO (e.g. f LO is swept from 15 MHz to 3 GHz, 3 MHz step), the EMI noise spectrum is obtained. matrix circuits for simplicity. In order to relax both the increasing power and area penalty, which are inherent issues for the matrix measurement, the IF block is shared among 4 antennas, which is enabled by the proposed measurement circuit array. In the straightforward matrix circuits, each antenna has a mixer and a high-power IF block. In contrast, in the proposed matrix circuits, each antenna has the proposed 'mixer and antenna selector (MAS)' circuit, and 4 antennas share a decoder and the IF block. By sharing the high-power IF block, the power and the circuit area are reduced by 74% and 73%, respectively.
Matrix Circuits for EMI Measurement
Figures 7(a) and (b) show schematics of the straightforward and proposed measurement circuit array in the EMcam, respectively. The circuit in Fig. 7(b) is a part of the proposed matrix in Fig. 6(b) . The analog signal (Out) is converted to a digital signal by a rectifier and a comparator to efficiently get the measured outputs from the matrix. In the straightforward circuit array, there are series switches between the mixer and the IF block. Noise signals detected in the on-chip loop antenna are attenuated by the series switches and the sensitivity of the measurement circuit becomes lower. In contrast, in the proposed circuit array, each antenna has the NCG and MAS circuit. By controlling LO and LOb in MAS, MAS operates as the mixer or the antenna selector with small area and power overhead. When sel0 is high, MAS operates as the mixer. When sel0 is low, both LO and LOb are low, and the antenna is separated from the amplifiers. In this way, the proposed MAS can operate as both the mixer and antenna selector. Since the number of transistor switches in the signal path can be reduced, the sensitivity problem can be minimized. In addition, in MAS, only an antenna coil under measurement is connected to the amplifiers. Remaining neighbor antenna coils are left open. Therefore, mutual inductances between the coils can be negligible.
Measurement Results
EMcam Chip
The front-end block of the EMcam shown in Fig. 7(b) was fabricated with 1.2 V, 65 nm CMOS process. The chip micrographs and layouts are shown in Fig. 8 . Figure 8 In order to show the feasibility of the EMI noise measurement with higher-spatial resolution, the smallest size loop antenna (32 × 12 μm 2 ) is fabricated. Figure 9 shows the photomicrograph and layout of the smallest antenna.
3.2 Off-Chip DUT Figure 10 shows the photograph of the measurement setup to verify the detection of the EMI noise by the off-chip DUT. The off-chip DUT is made with the center core of the thin coaxial cable and the other side is connected to an external 1 GHz signal generator that emulates the EMI noise.
Figures 11(a) and (b) show the output waveforms of the EMcam with the signal generator off and on, respectively. The frequencies of f EMI and f LO are 1 GHz and 1.0006 GHz, respectively. The frequency of, f IF is 600 kHz. In Fig. 11(b) , the output shows 600 kHz sinusoidal wave. This shows the off-chip EMI detection is successful and the EMcam measures not the power-supply noise but the off-chip EMI noise.
On-Chip DUT
In order to carry out stand-alone measurement of the EMcam chip, EMI noise emulators are also embedded on the same chip, namely on-chip DUT. Figures 12 (a) and (b) show schematics of the two DUTs for EMI noise emulation. In the DUT (wire), a long on-chip wire is driven by an off-chip signal generator to emulate arbitrary waveforms of EMI noise. The DUT (buffer) emulates clock buffers to emulate the global clock distribution in the logic circuits. Figure 13 shows the photograph of the measurement setup for the on-chip DUT. The EMI noise to be measured is fed by the external signal source, f EMI . The external local oscillator, f LO drives the mixer in the EMcam chip. Figure 14 shows a measured and calculated dependence of the amplitude of the EMcam output on the distance between the DUT (wire) of 2 GHz sine and the antenna. The power input to the DUT by f EMI is approximately 5 mW. In this measurement, the NCG is turned off and the noise inputs are not down-converted and directly measured without LPF. The following is a procedure of the calculated results in Fig. 14 . In Fig. 15 , the magnetic flux density B is described by
where μ 0 , r, and i are the magnetic permeability, the distance from the DUT, and the current in the DUT, respectively. And the magnetic flux Φ m is calculated by using (1),
where
where A is the amplitude of the current. Therefore, the induced electromotive force v(t) in the antenna is calculated by using (2) and (3),
where f is the frequency of the current. v(t) is proportional to ln((x + 50)/x). That means the EMcam output is proportional to the function ln((x+50)/x). In Fig. 14, the measured results agree with the calculated results, although there are some uncertainties such as A and x.
To check the operation of a mixer, an EMI measurement with the proposed down-conversion architecture is compared to that with the off-chip spectrum analyzer instead of the architecture. The EMI noise is emulated using the DUT (wire) and the off-chip 1 GHz signal generator. The f LO sweeps from 15 MHz to 3.35 GHz at 2.7 MHz step. Each measurement point takes 24 seconds and the total time for 1192 measurement point, from 15 MHz to 3.35 GHz, is approximately 8 hours. To reduce the measurement time in practical use, number of measurement point should be optimized. Figure 16(a) shows measured EMI noise spectrum using the off-chip spectrum analyzer, when the NCG is turned off same as Fig. 14. Figure 16(b) shows corresponding EMI noise spectrum using the EMcam when the NCG is turned on. In Figs. 16(a) and (b) , the noise peaks match at 1 GHz, 2 GHz, and 3 GHz. This confirms the operation of the mixer. On the other hand, the peak intensity ratios between 1, 2, and 3 GHz differ between Figs. 16(a) and 16(b) . The differences are caused by the unity gain of the amplifier. Thanks to the down-conversion architecture, the proposed EMcam successfully measures the noise peak intensity up to 3.3 GHz while the noise peak intensity in Fig. 16(a) is attenuated. Figure 17 shows the simulated frequency response of the measurement circuits (NCG, the Mixer, and the Amplifiers) in Fig. 3 . Frequency responses including antenna characteristic of 20 dB/decade are also plotted. With the direct input, the unity gain frequency is 3 GHz. In contrast, with the proposed down-converted input ( f IF =2 MHz), the equivalent unity gain frequency is 11 GHz. The 3 GHz peak in Fig. 16(b) is higher than that in Fig. 16(a) , which agrees with the bandwidth in Fig. 17 .
Measurements with the EMI noise generated by the DUT (buffer) are carried out to emulate the clock buffer noise, which is the main EMI noise source in a digital LSI. Figures 18(a) and (b) show EMI noise waveform and spectrum of DUT (buffer) using the off-chip oscilloscope and spectrum analyzer, respectively, when V DD of the DUT (buffer) is 1.2 V. The NCG is turned off, same as Fig. 14 . In Fig. 18(a) , the EMI noise waveform is clearly shown at the rising and falling edge of the 30 MHz clock signal. Figure 19 shows a within-die 2D distribution of EMI noise measured with the 12 × 4 on-chip loop antenna matrix of the EMcam. The antenna pitch is 260 μm and 60 μm in a horizontal and vertical direction, respectively. The DUT wire goes across the matrix. At this time f EMI and f LO are 1 GHz and 1.0006 GHz, respectively. As the distance between the DUT and the antenna increases, the measured EMI noise decreases.
In order to show the possibility of an EMcam with higher-spatial resolution, EMI measurement with the smallest size loop antenna (32 × 12 μm 2 ) is demonstrated. In this measurement, the NCG is turned off same as Fig. 15 . Figure 20 shows a measured dependence of the amplitude of the EMcam output on the amplitude of the DUT (wire) input. As the input amplitude decreases, the output amplitude linearly decreases, which shows a reasonable operation of the smallest antenna. The performance is summarized in Table 1 .
Conclusion
An EMI Camera LSI with a 12 × 4 on-chip loop antenna matrix in 65 nm CMOS is presented. The feasibility of the within-die 2D EMI distribution measurement with 60 μm-level spatial resolution is demonstrated without mechanical scanning. The down-conversion architecture and 'mixer and antenna selector (MAS)' are proposed to relax both the increase of power and area penalty, which are inherent issues of the matrix measurement. The down-conversion architecture increases the bandwidth of EMcam and enables the measurement of EMI spectrum. The shared IF block architecture reduced the power and the area by 74% and 73%, respectively. MAS reduces the switches and prevents the EMI attenuation due to the switches. EMI measurement with the smallest antenna (32 × 12 μm 2 ) is also achieved. The measurement result with the smallest antenna demonstrates the feasibility of an EMI noise measurement with higher-spatial resolution in the future.
